The novel extremely acidophilic, cell-wall-deficient archaeon Cuniculiplasma divulgatum gen. nov., sp. nov. represents a new family, Cuniculiplasmataceae fam. nov., of the order Thermoplasmatales
The first genus and species of the Thermoplasmatales, Thermoplasma acidophilum, was described in 1970 (Darland et al., 1970) , followed 25 years later by the genus Picrophilus (Schleper et al., 1995) . Since then, the taxa Ferroplasma (Golyshina et al., 2000) , Thermogymnomonas acidicola (Itoh et al., 2007) and Acidiplasma (Golyshina et al., 2009) were described in the first decade of the 21st century. All members of the Thermoplasmatales are characterized as micro-organisms that are difficult to isolate, having extremely acidic pH optima for growth (among the lowest known), with their cells being typically pleomorphic (with the only exception being members of Picrophilus), as a consequence of the lack of an intact cell wall.
In recent years, a number of extensive studies, mostly based on analysis of metagenomic data, have suggested a wide distribution of the Thermoplasmatales in low-pH environments. A number of lineages of uncultured euryarchaea affiliated with this group have been suggested, along with the prediction of their metabolic traits (Baker et al., 2006; Yelton et al., 2013) . However, these studies have not led to success in isolation and taxonomic description of the novel archaeal taxa predicted in these environments.
Here, we report the isolation and characterization of strains representing a new family, a new genus and a novel species within the order Thermoplasmatales.
The sources of isolation of strains S5 T and PM4 were acidic waters from the surfaces of copper mine sites taken from Cantareras, Spain, and Mynydd Parys, Anglesey, UK, in April and March 2011, respectively. For enrichment cultures, modified medium 88 (DSMZ) was used, which contained (g l 21 ): (NH 4 ) 2 SO 4 , 1.3; KH 2 PO 4 , 0.28; MgSO 4 . 0.7H 2 O, 0.25; CaCl 2 . 2H 2 O, 0.07; FeCl 3 . 6H 2 O, 0.02. Other salts in medium 88 were replaced with the trace element solution SL-10 from DSMZ medium 320 at a concentration of 1 : 1000. Beef extract (3 g l 21 ) (with the addition of 1 g tryptone l 21 for strain PM4), 0.06 % betaine and Kao and Michayluk's vitamin solution (Sigma-Aldrich) at 1 : 100 (v/v) were added to the medium. The medium was adjusted to pH 1.0-1.2 with concentrated H 2 SO 4 . The cultures were incubated for about 5 days at 37 8C with shaking at 120 r.p.m. Extinction to dilution was used for isolation of pure cultures, which were monitored by phase-contrast microscopic examination and by PCR amplification with bacteria-and archaea-specific primers, as described previously (Golyshina et al., 2009) . The purified strains were cultured in 100 ml flasks in 20 ml medium with shaking at 120 r.p.m. Growth was monitored by measurements of the OD 600 in a BioPhotometer Plus (Eppendorf).
Total lipid extracts were obtained from wet-frozen cell pellet samples using a modified Bligh and Dyer protocol (Sturt et al., 2004) , after addition of an internal standard (phosphatidylcholine C 21 : 0 /C 21 : 0 ) and 3-5 g precombusted sand. The samples were treated with a mixture of dichloromethane (DCM)/methanol/buffer (1 : 2 : 0.8, by vol.) and ultrasonicated, using an ultrasonic probe, for 10 min during each step. This procedure was performed in four steps, using phosphate buffer (K 2 HPO 4 , 50 mM at pH 7.4) for the first two steps and trichloroacetic acid buffer (50 g l 21 , pH 2) for the last two steps. After sonication, the mixture was centrifuged (10 min at 2000 r.p.m.) and the supernatant was collected in a separatory funnel. DCM and deionized Milli-Q water (1 : 1, v/v) were added to the combined supernatants, in a ratio of DCM/methanol/buffer of 2 : 1 : 0.8 (by vol.). Thereafter, the organic phase was separated and the remaining aqueous phase was washed three times with DCM. The collected organic phase (total lipid extract) was subsequently washed three times with Milli-Q water and afterwards reduced to dryness under a stream of nitrogen at a constant temperature of 23 8C. The obtained total lipid extract was stored at 220 8C for further analysis.
Analysis of the archaeal lipid composition was performed on the Dionex Ultimate 3000 UHPLC coupled to the Bruker maXis Ultra High Resolution tandem qToF equipped with electrospray interface (ESI).
We applied a recently developed reversed-phase HPLC-ESI-MS method, with analyte separation on an ACE3 C 18 column (2.16150 mm, 3 mm particle size; Advanced Chromatography Technologies) maintained at 45 8C at a flow rate of 0.2 ml min 21 isocratically for 10 min with 100 % eluent A (methanol/formic acid/14.8 M NH 4 OH; 100 : 0.04 : 0.10, by vol.), followed by a linear gradient to 24 % eluent B (2-propanol/formic acid/14.8 M NH 4 OH; 100 : 0.04 : 0.10, by vol.) in 5 min, followed by a gradient to 65 % B in 55 min. The column was then flushed with 90 % B for 10 min and re-equilibrated with 100 % A for 10 min (Zhu et al., 2013) . Lipid identification was based on retention time as well as accurate molecular mass and isotope pattern match with known sum formulas in full scan mode and MS2 fragment spectra. Lipid quantification was achieved by injecting an internal standard (C46-GTGT) along with the samples. Lipid abundances were corrected for response factors of commercially available as well as purified standards.
Mid-exponential phase-grown cells were fixed with glutardialdehyde and prepared for electron microscopic analysis as described in detail by Golyshina et al. (2000) . Electron micrographs were recorded as zero-loss images with a 2k62k cooled CCD (SharpEye; Tröndle), bottommounted to an integrated energy-filtered transmission electron microscope Libra 120plus (Zeiss), operated at 120 kV acceleration voltage and an energy-slit width of 10 eV.
Both isolates PM4 and S5 T lacked a cell wall, as revealed from ultrathin sections (Figs 1 and 2), and showed a pronounced pleomorphism, which resulted in the formation of ring-and Y-like cell forms, along with other morphotypes. In general, the cytoplasm was rather dense and was accompanied by electron-translucent voids (Figs 1 and 2; asterisks). A distinct surface coat was missing, and patchlike dark deposits were observed only occasionally on the surface (data not shown). The cytoplasmic membrane had a thickness of 5.30¡1.01 nm (n542; min. 3.61 nm; max. 7.01 nm) in the case of strain PM4 and 5.61¡0.90 nm (n541; min. 4.31 nm; max. 7.76 nm) for strain S5 T . The thickness of the cytoplasmic membrane plus the outer electron-dense, discontinuous layer was 13.39¡1.94 nm (n515; min. 9.68 nm; max. 16.40 nm) for strain S5 T and 14.38¡1.98 nm (n515; min. 11.23 nm; max. 19.12 nm) for strain PM4. Upon prolonged growth, cellular ghosts or membrane remnants became predominant. Here, especially with strain PM4, IP: 147.143.1.106
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The strains grew at 10-45 8C (PM4) and 10-48 8C (S5 T ); weak growth was detected at 5 8C (doubling time 168 and 144 h for strains PM4 and S5 T , respectively) and even at 0 8C for strain PM4. Optimal growth was observed at 37 8C for strain PM4 and 40 8C for strain S5 T . The pH range for growth in both cases was determined as pH 0.5-4, with optimal growth at about pH 1.0-1.2. The lipid pools of strains S5 T and PM4 were highly similar. The profiles of both strains were dominated by intact polar lipids (IPL) based on glycerol dibiphytanyl glycerol tetraether (GDGT) as core lipid, which is attached to variable polar headgroups. The IPL derivatives of GDGT were predominantly glycolipids, with monoglycosidic (1G), diglycosidic (2G), triglycosidic (3G) and, for strain PM4 only, tetraglycosidic (4G) headgroups. Mixed glyco-phospho (1G-PG) -based headgroups represented less than 5 % of the IPL GDGT pool, while phospho-(PG-) GDGT accounted for about 10 and 30 % in S5 T and PM4, respectively. Free core GDGT were detected as regular GDGT and H-shaped (H-) GDGT with zero to four cyclopentane moieties (GDGT-0 to -4), with GDGT-2 and -4 being predominant. This general pattern of core GDGT distribution was also found among individual IPL GDGT types with the exception of PG-GDGT, which had GDGT-2 and GDGT-0 as major core lipids (Figs. 3 and 4 and Table S1 , available in the online Supplementary Material).
Archaeol (AR) -based IPL possessed 1G and PG headgroups, while hydroxy-archaeol (OH-AR) was detected with 1G and 2G headgroups. Free diether-based core lipids such as AR, OH-AR and glycerol dibiphytanyl diethers (GDD) accounted for a minor fraction. Saturated AR was predominant among the core diether lipids, while unsaturated (uns) AR with one to six double bonds represented about onethird of the AR-based core lipid pool. In addition, OH-AR and GDD were minor constituents of this lipid pool (Figs 3 and 4 , Table S1 ). Intact polar GDD was a minor component, and was present only as a 1G derivative (1G-GDD); the corresponding core GDD comprised less than 1 % of the core lipid pool ( Figs. 3 and 4 , Table S1 ).
Twenty-seven and 25 different quinones were identified in strains S5 T and PM4, respectively. These were menaquinones (MK) and thermoplasmaquinones (TPQ) ( Figs. 3 and 4 , Table S1 ). The quinones were generally characterized by highly unsaturated side chains of four to ten isoprenoid units with one double bond per unit (4 : 4 to 10 : 10) (data not shown).
The 16S rRNA gene sequences derived from the whole-genome sequences of strains S5 T and PM4 (GenBank accession numbers KT005320 and KT005321) appeared identical. These sequences, together with 16S rRNA gene sequences of all members of the Thermoplasmatales with validly published names, were aligned (a total of 11 sequences) using the MUSCLE program (Edgar, 2004 Fig. 5 . The tree is drawn to scale, with branch lengths measured in the number of substitutions per site with corrections associated with the model. All positions with less than 95 % site coverage were eliminated; that is, fewer than 5 % alignment gaps, missing data and ambiguous bases were allowed at any position. There were a total of 1323 positions in the final dataset.
The genomes of strains S5 T and PM4 (O. V. Golyshina, unpublished) exhibited average nucleotide identity of 98.75 % (Goris et al., 2007) , suggesting that both belong to the same species.
The genomic DNA G+C contents were 37.3 mol% for strain S5 T and 37.16 mol% for strain PM4, based on in silico calculations using the complete genome sequences of the strains (O. V. Golyshina, unpublished) .
Strains S5 T and PM4 are acidophilic, mesophilic, facultatively anaerobic, heterotrophic, cell-wall-deficient archaea. Generally, all these features are common in the archaea of the order Thermoplasmatales (Table 1) , but certain distinctive traits for strains S5 T and PM4 must be emphasized. Being isolated from sulfide ore mines, these strains did not oxidize any tested iron(II) donors, a common feature in archaea of the family Ferroplasmaceae and potentially anticipated in micro-organisms living in these environments. Acid mine drainage systems are, with some exceptions (e.g. Richmond Mine, Iron Mountain, USA), situated in low-to-moderately temperate conditions, and this explains the mostly mesophilic nature of bacteria and archaea that occupy these biotopes. However, mesophily is rather rare among members of the order Thermoplasmatales, and is indicative solely for some archaea of the family Ferroplasmaceae (Golyshina, 2011) . Furthermore, in relation to the temperature, one can note that the Mynydd Parys site is one of the acid mine drainage systems with the lowest annual temperatures (Méndez-Garcia et al., 2015) and is thus definitely distinct in this sense from the Cantareras site (south-west Spain). Nevertheless, both strains exhibited mesophilic temperature ranges for growth in vitro, with a very slight difference in their temperature optima. Both strains could be characterized as psychrotolerant, due to growth at temperatures of about 10 8C, which is remarkably low in comparison to characteristics of other thermophilic archaea of the order Thermoplasmatales. Furthermore, strains S5 T and PM4 showed some potential to grow at temperatures as low as 5 8C (and even at 0 8C, in the case of strain PM4). The pH optima for growth of both strains were similar to the lowest values recorded for other representatives of Thermoplasmatales, and the pH range for growth reflected the environmental conditions at the sites of isolation. As for the majority of other organisms from the order Thermoplasmatales, cells of strains S5 T and PM4 were surrounded by only cytoplasmic membranes. Based on the obligatory use of polypeptides as growth substrates, one can suggest a 'scavenger'-type lifestyle for these archaea in natural biotopes.
Analyses of metagenomics data from samples obtained in a number of geographically separated regions have revealed 16S rRNA gene sequences identical to those of strains S5 T and PM4 (Yelton et al., 2013; Méndez-Garcia et al., 2014) , suggesting that these archaea are ubiquitous in acidic environments.
Advanced HPLC-MS analysis of the lipidome allowed us to characterize more than 70 different major glycerol-based membrane lipids. The distribution of GDGT, here detected as glyco-, phospho-and glyco-phospho-derivatives, resembles that of other members of the Thermoplasmatales (Schleper et al., 1995; Shimada et al., 2002; Itoh et al., 2007; Golyshina et al., 2009; Golyshina, 2011 ). An increasing number of cyclopentane rings of GDGTs has been interpreted to reflect adaptation to decreasing pH and increasing temperatures for the thermophilic acidophile Thermoplasma acidophilum HO-62 (Shimada et al., 2008) and other thermophilic acidophiles (e.g. Boyd et al., 2011) . Strains S5 T and PM4, however, are acidophilic mesophiles and show a distinct ring distribution dominated by GDGT-2 and GDGT-4, which suggest that the low pH causes high degrees of cycloalkylation in these strains. The mean number of glycosidic moieties attached to GDGT lipids was found to increase with decreasing environmental pH in Thermoplasma acidophilum, and can be interpreted to function as a shield against protons for microbial cells in low-pH environments (Shimada et al., 2008; Wang et al., 2012) . This phenomenon could explain the prevalence of up to four glycosidic headgroups Cuniculiplasma divulgatum gen. nov., sp. nov.
in the lipid pools of strains S5 T and PM4 as an adaptation to extremely acidic conditions. The presence of OH-AR, which is usually abundant in halophilic and methanogenic euryarchaea of the order Halobacteriales (Kates, 1993) as well as the orders Methanococcales, Methanosarcinales and Methanopyrales (Koga & Morii, 2005) , is consistent with earlier reports of this compound in other members of the Thermoplasmatales (Swain et al., 1997; Golyshina et al., 2000; and references therein) . Unsaturated AR derivatives have so far not been described for the Thermoplasmatales, however, for euryarchaea of the orders Halobacteriales, Thermococcales, Methanopyrales and Methanosarcinales (e.g. Dawson et al., 2012; Gonthier et al., 2001; Hafenbradl et al., 1993; Nichols et al., 2004) , with a broad range of growth temperatures. This indicates that the abundance of these compounds in strains S5 T and PM4 is not necessarily linked to temperature; hence, understanding their role in the archaeal membrane will require further research.
The respiratory quinones identified were MK and TPQ with a diverse set of unsaturated chains from 4 : 4 to 10 : 10. This results in a more diverse quinone portfolio for strains S5 T and PM4 compared with the quinone inventory described for other members of the Thermoplasmatales (e.g. Shimada et al., 2001; Itoh et al., 2007; Golyshina et al., 2009; Elling et al., 2015) .
Both the identical 16S rRNA gene sequences of strains S5 T and PM4 and the 98.75 % average nucleotide identity between their genomes suggest their affiliation to the same species.
The results of phylogenetic analysis suggest an outlying position of the novel organisms (Fig. 5) In addition to the features described for the genus, the temperature range for growth is 10-48 uC with the optimum at 37-40 uC. Grows at pH 0.5-4.0, with an optimum at pH 1.0-1.2. Grows organoheterotrophically with beef and yeast extracts (and tryptone for strain PM4). Polar lipids consist of a GDGT core with glyco-headgroups, dominated by monoglycosidic derivatives, smaller amounts of phospho, diglycosidic and triglycosidic derivatives and a smaller fraction of diether lipids such as archaeols. Strain PM4 shows less dominance of monoglycosidic derivatives in favour of phospho, triglycosidic and tetraglycosidic GBGT lipids. The main respiratory quinones are represented by menaquinones and minor thermoplasmaquinones.
The type strain is strain S5 T (5VKM B-2941 T 5JCM 30642 T ), isolated from an acidic streamer in Cantareras Reference taxa: 1, Thermoplasma (data from Darland et al., 1970; Segerer et al., 1988) ; 2, Picrophilus (Schleper et al., 1995) ; 3, Ferroplasma acidiphilum (Golyshina et al., 2000) ; 4, Acidiplasma (Golyshina et al., 2009) ; 5, Thermogymnomonas acidicola (Itoh et al., 2007) . Mine (Spain). Strain PM4 was isolated from an acidic streamer of Mynydd Parys, Anglesey, UK. The DNA G+C content of strain S5 T is 37.3 mol% and that of strain PM4 is 37.16 mol%.
Description of Cuniculiplasmataceae fam. nov.
Cuniculiplasmataceae (Cu.ni9cu.li.plas.ma.ta9ce.ae. N.L. neut.n. Cuniculiplasma type genus of the family; L. suff.aceae ending to denote a family; N.L. fem. pl. n. Cuniculiplasmataceae the family of the genus Cuniculiplasma).
The description is identical to that of the genus Cuniculiplasma. The type genus is Cuniculiplasma. 
